The response of electrostatic button-type pickups for the measurement of the transverse position of charged particle beams was investigated and analytic formulae were obtained for the signal as a function of time t. The study was done for beam pipes of circular and elliptic cross sections, for rectangular and non-rectangular electrodes, and for several cases of longitudinal beam profiles. In particular, the error in the measurement of the beam position using circular electrodes as compared to rectangular ones was found to be less than 100 urn per 1 cm of beam excursion from the center of the beam pipe for the case of APS.
INTRODUCTION
For capacitive pickup devices, the position of the charged beam is measured through the difference between the electric potentials which develop on the electrodes. For slow, nonrelativistic beams, the image charge induced by the bunch of charged particles has considerably larger longitudinal dimension than the bunch itself. However, for highly relativistic beams, the image charge has the same longitudinal distribution as the beam, due to the Lorentz contraction of the longitudinal component of the electric field.
In this article, we will derive the response of the electrode as a function of time and the transverse position of the beam, assuming that both the angular and the longitudinal sizes of the electrodes are finite. The analytical model assumes a simple elliptic geometry for the beam chamber. The results are compared with those obtained numerically for the actual APS beam chamber, and they will be shown to agree quite well. This justifies the use of the analytical model rather than the timeconsuming numerical methods to find the optimal position and size of the electrodes and to analyze how the shape of the electrodes affect the beam position measurement.
MONITOR RESPONSE
In order to get the signal from each electrode, we must first obtain the electric field inside the beam chamber. Consider an infinitely narrow beam moving along the longitudinal direction with the constant velocity OHTRIBUT1ON OF TH,S DOCUMENT J V, as shown in Fig. l(a) . Following the procedure by Cuperus, 1 instead of solving the full electromagnetic problem directly in the lab frame (unprimed), we will transform to the reference frame (primed) where the beam is at rest, obtain the field and then transform back to the lab frame.
The electric field if in the lab frame is then derived using the Lorentz transformation, which gives: E M =Er, and where y = ^jl -V 2 /c 2 -Therefore, the problem is reduced to that of an electrostatic case with linearly distributed charges.
Decomposing the electric field into Fourier components, we write
where the linear dispersion relation co = kV was assumed. The charge qp(t) induced on the electrode surface S is then 
The integration extends over the area of the electrode surface, and zi is the z-coordinate of a reference point, e.g., the center of the electrode z p . it is the direction normal to the electrode surface. If the electrode is connected by a coaxial line of characteristic impedance Zo and if the capacitance between the electrode and the beam chamber is C p/ then the overall impedance Z p (k) for the electrode will be
y. (2)
If there is frequency filtering represented by F(k), the measured voltage V p (t) will be
From Eqs.
(1) and (3), it suffices to solve the Poisson equation for the 2-D static potential <E>' (it^ k) to obtain the electrode response V p (t). The equation is analytically solvable if the beam chamber geometry is somewhat simplified. In this work, elliptic coordinates will be used to approximate the APS beam chamber. We will consider highly relativistic beams only. Assuming a rectangular electrode flush with the interior surface, the Fourier component ip(k) can be expressed as response V p (t). For certain cases of p(z), it is possible to evaluate Vp(t) analytically using the residue theorem of complex variables. In the discussion below, we will use the following parameters: Cp = 2 pF, Az = 0.5 cm, a = 1 cm,. QT = 3.5 nC / mA (single bunch), x p = 1.38 an. Figure 2 (a) shows the electrode signal V p (t) without frequency filtering and Fig. 2 (b) using a bandpass filter at [1, 2] GHz. If the electrodes are not rectangular, the results are similar but a bit more complicated. 3 One notable difference is that Vp(t) for non-rectangular electrodes is not separable as in Eq. (5).
BEAM POSITION MEASUREMENT
As shown in Fig. 1 (b) , four button-type pickups will be installed for each unit. The quantities Ax, A y , and X are defined as follows. (9) The horizontal and the vertical positions of the beam are then determined from Table 1 : Comparison between the analytical and the numerical results for the x direction. The offset R x for the analytical case is zero.
The linear approximation is valid only when xo and yo are small. S x and Sy are the sensitivity functions and R x and Ry are the offset errors. Figure  3 (a) shows Xo as a function of the beam position xo for several cases of yo, and Fig. 3 (b) shows the contour plotting of both XQ and YQ. Table 1 lists the sensitivity function S x obtained analytically for the elliptic beam chamber and numerically for the actual APS beam chamber. The two results agree quite well. The finite offset error R x is due to broken symmetry in the x-direction due to the presence of the photon beam channel and the antechamber. The optimal position of the electrodes which gives the same sensitivity in both x and y directions were found to be Xp = 1.32 cm. However, this was shifted to Xp = 1.38 cm due to the mechanical constraint of the mounting flanges.
If the electrodes are not rectangular, XQ and YQ are time-dependent, and the result of measurement will depend on when the data are taken. 3 This error due to the timing jitter will be larger for wide-band detection than for narrow-band detection at low frequency, say, a few hundred MHz. From Fig. 4(a) , we find S x (t) is the sensitivity as a function of time. Fig. 4(b) shows the plotting of the relative change of S x (t) as a function of time for the exponential profile (p ~ e~' z ' /°) with no frequency filtering. Hexagonal electrodes were used in place of circular ones to facilitate analytic integration over the electrode surface. It is to be noticed that it diverges to infinity when E crosses zero while A x does not. Typical error is 100 |im per 1 cm beam excursion from the beam chamber center. However, if the timing jitter is small (less than 10 ps) or if narrow band detection scheme at a few hundred MHz is used, this error will be reduced to a negligible level (less than 10 Jim / cm).
CONCLUSION
The characteristic of the BPM system for the APS storage ring was studied analytically and numerically, and the results agree very well. This suggests that the presence of the photon beam channel and the antechamber has negligible effect on the BPM system. Using the analytical model, the optimal position of the electrodes was determined such that the sensitivity is as close as possible in x and y directions taking into account other mechanical constraints. A possible source of error in the measurement of the beam position using non-rectangular electrodes was analyzed. The error was found to be typically of the order of 100 um per 1 cm of beam excursion from the center of the beam chamber and can be reduced significantly by employing proper timing schemes and signal processing.
